Superconducting generator (SCG) with superconducting field winding has many advantages such as small size, light weight, high generation efficiency. A prominent advantage is to improve power system stability owing to lower synchronous reactance compared with the conventional generator. High response excitation type SCG has a rotor with thermal radiation shield without damping effect; it can enable very rapid change in field current and the magnetic flux due to the change of the field current can reach the armature winding quickly. The excitation power is large and has a rapid change enough to affect the conditions of power system in self-excited operation of the generator. This effect is equivalent to the effect of a superconducting magnetic energy storage (SMES), then so-called "SMES effect", and it is expected to contribuite to transient stabilty improvement. In this paper, excitation control system design for high response excitation type SCG in consideration of SMES effect is proposed for improving power system dynamics by employing eigenvalue sensitivity. The SMES effect is considered to couple with the power system as a nonlinear load. The control performance of the proposed excitation control system is examined in IEEJ East 10-machine and West 10machine systems. It is made clear that the SMES effect of SCG is utilized effectively and results in both transient and dynamic stability improvement. However, the performance depends on the locations of SCGs and fault contingencies.
Inroduction
Superconducting generator (SCG) with superconducting field winding offers various advantages, such as high efficiency, small size, light weight, and so forth. A prominent advantage is to improve power system stability owing to the lower synchronous reactance compared with the conventional generator (1) . High response excitation type SCG has a rotor with thermal radiation shield without damping effect for screening time-varying magnetic flux to enter the field winding part. It can enables very rapid change in field current and the magnetic flux due to the change of the field current can reach the armature winding quickly. The excitation power by the quick change of field current is large and has a rapid change enough to affect the conditions of power system in self-excited operation of the generator (2) . Since the field winding is made of superconducting wire and is connected to the generator terminal through AC-DC converter, the field winding coupling with the converter can be considered as superconducting magnetic energy storage (SMES); hence, the effect of the exciter coupling with the AC-DC converter is called "SMES effect". It is expected that high response excitation type SCG using appropriate excitation control system can improve power system dynamics by effectively utilizing the SMES effect.
In single machine to infinite bus system, influence of SCG * Department of Electrical Engineering, The University of Tokyo 7-3-1, Hongo, Bunkyo-ku, Tokyo 113-8656 with high response excitation on power system stability and its control system have been experimentally studied (2) ; high response excitation control of SCG with high response excitation for stability of superconducting field winding has been conducted (3) . In multi-machine power system, calculation methods of the equilibrium state considering SMES effect of the power flow and dynamic simulation of multi-machine power system including SCG with high response excitation and control system design based on energy function for SCG have been proposed (4) . It has been reported that the SMES effect contributes to the improvement of system stability; however, the control system is complicated and requires information from all generators in the system. The control system design for SMES system including the selection of installing locations have been proposed for damping electromechanical oscillation in multi-machine power system (5) . SMES has been considered as a nonlinear load coupling with the power system and small-signal model of power system has been used to determine the system eigenvalues. Eigenvalue sensitivities have been employed as indices to decide the installing location and to determine the control parameters. It has been reported that the oscillations can be damped well by the designed controller and eigenvalue sensitivity has been proved as a powerful approach to controller design. Eigenvalue sensitivity based eigenvalue technique for control parameter optimization has also been proposed in Ref. (6) and it has made clear that the designed controller is effective in stability improvement.
In this paper, excitation control system for SCG with high response excitation considering SMES effect is designed for power system dynamics improvement in multimachine power system by employing eigenvalue sensitivity based eigenvalue control technique. The SMES effect of the SCG with high response excitation is considered to couple with power system as a nonlinear load and is taken into account in control system design through eigenvalue consideration. The control performance of the proposed excitation control system in several patterns of SCG installations is examined by digital dynamic simulations in two power systems, IEEJ East 10-machine system and IEEJ West 10machine system. Comparisons with conventional generators are also conducted. It is made clear that the SMES effect of SCG is utilized effectively and results in improvement of both transient stability and dynamic stability. However, the performance depends on the locations of SCGs and fault contingencies. This paper is organized as follows: Section 2 describes the structure and model of the SCG with high response excitation. Seciton 3 explains SMES effect of SCG with high response excitation. Section 4 explains the proposed control systems for SCG considering SMES effect. Section 5 shows the numerical example for examining the control performance of the proposed excitation control system. Conclusions are finally drawn in Section 6.
SCG with High Response Excitation

Structure
A typical structure of SCG is shown in Fig. 1 . SCG can produce very high magnetic field by its superconducting field winding cooled in the cryogen such as liquid helium, which can not be realized by the conventional generator. Multi-cylindrical structure which consists of field winding, thermal radiation shield and room temperature damper is adopted in the extreme cold region. Unlike the low response excitation type SCG, the thermal radiation shield of high response excitation type has no damping effect; it has been thus far made of stainless steel with embedded pipe where the cryogen flows inside. Since the generated magnetic field is so large enough that it is not necessary to use magnetic iron to enhance magnetic flux; instead, air-core geometry can be used; SCG can have stator windings with the "air-gap" type, which leads to the advantage of avoiding flux saturation and low synchronous reactance. Magnetic shield is installed outside for confining flux in the machine. 
Equivalent Circuit
The equivalent circuit of SCG with high response excitation can be considered as that of conventional generator. Since the thermal radiation shield of SCG with high response excitation has no damping effect, it can be considered that SCG with high response excitation seems to have only one damping winding (from room temperature damper) in each axis, assume to be kd and kq, equivalent to amortisseurs winding in conventional generator. The equivalent circuit of SCG with high response excitation is shown in Fig. 2 .
SMES Effect
Concept
SCG with high response excitation enables the rapid change of field current; the excitation power becomes large and changes rapidly enough to affect the conditions of power system in self-excited operation of the generator. The simplified model of SCG with high response selfexcitation is depicted in Fig. 3 . The field winding is connected to SCG bus through the AC-DC converter. Since the field winding is made of superconductors, the field winding coupling with the converter can be considered as SMES and its effect is thus called "SMES effect".
Like conventional generator, terminal voltage of rotor circuit v f has the relation to e f as shown in Eq. (1) .
e f · · · · · · · · · · · · · (1)
And the excitation current is given in Eq. (2).
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2)
The excitation power in SMES effect, which is the multiplication of terminal voltage of the rotor circuit and the excitation current, is given in Eq. (3) . It should be noted that the excitation power of the SCG is smaller than that of the conventional generator in the steady state due to the very small resistance of superconducting field winding.
· · · · · · · · · · · · · · · · · · · · (3)
where v f , i f , and e f are the applied voltage at rotor circuit, excitation current and excitation voltage, respectively. e q1 is the generator internal voltage. From the simplified model of SCG in self-excitation mode in Fig. 3 , the excitation system including the AC-DC converter can be considered as a nonlinear load. Active and reactive powers flowing into excitation system are assumed as P ex and Q ex , respectively; hence, the equivalent model for SCG with high response excitation can be obtained as shown in Fig. 4 . Without any loss in transfer power, active power P ex is the same as the excitation power of SCG; reactive power Q ex can be adjusted by self-commutated type converter for supporting the generator terminal voltage.
Consideration of SMES Effect in Power System
According to the assumption of SMES effect as a nonlinear load in the power system, the relationship between current flowing into excitation system and bus voltage at the SCG with high response excitation in self-excitation mode can be obtained by Eq. (4) in d and q axes with consideration of P ex and Q ex .
where V D and V Q are d and q-axes terminal voltage components of SCG bus, respectively. Assuming that I G is the vector of currents through generators, I ex is the vector of currents of all nonlinear loads connecting to generator buses, which includes the SMES effect, V G is the vector of generator bus voltages, V L is the vector of load bus voltages, Y is the admittance bus matrix which consists of four sub-matrices Y GG , Y GL , Y LG , and Y LL , and all loads at non-generator buses are constant impedance types, the relationship of currents and bus voltages of power system in a matrix-form is given in Eq. (5) .
· · · · · · · · · · · · · · · · (5) Rearranging Eq. (5); I G = Y V G + I ex · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (6)
LL Y LG · · · · · · · · · · · · · · · · · · · · · · · · · (7)
Considering impedances and internal induced voltages of all generators, generator current can be rearranged as shown in Eq. (8).
I G = Y G E G + K L I ex · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (8)
· · · · · · · · · · · · · · · · · · · · · · · · (9) K L = (I + Y Z ) −1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (10) where E G is the vector of internal induced voltages of generators and Z is the matrix of internal impedances of generators.
By the above equations, SMES effect can be taken into account in multi-machine power system. It should be noted here that when there is no nonlinear load at any generator buses, I ex term appearing in Eqs. (6) and (8) will be neglected and can be omitted from those equations.
Excitation Control System Design
Design Concept
In this section, the excitation control system for SCG with high response excitation is proposed. The excitation control system design of SCG with high response excitation is constrained by two issues: (1) Initially, AVR and speed governor are assumed to be used in SCG as the 1 st order time-lag transfer function controller blocks. The first constraint leading to the slow response and longer storing of energy in the field winding, requires the larger AVR gain in SCG to step up the excitation voltage to ceiling voltage level so fast that the voltage regulation can be achieved; however, large AVR gain results in degradation of power system stability. Power system stabilizer (PSS) is a general solution for this problem. The main function of PSS is to add damping to the generator rotor oscillation by controlling the excitation using auxiliary stabilizing signal(s). It is expected to improve both transient and dynamic stability. By this reason, AVR and PSS will be used as excitation control system for SCG with high response excitation. The control scheme and design is described below.
Power System Stabilizer
Output power is used as an input of PSS which consists of stabilizer gain, signal washout and phase compensation block as shown in Fig. 5 . The PSS output is added to the AVR as a supplementary control signal. Excitation limiter is required for the AVR output to restrict the level of excitation voltage due to insulation and equipment limitation. Parameters of PSS are determined by eigenvalue sensitivity based parameter optimization method described in the next section.
Eigenvalue Sensitivity based Parameter Optimization
The state equations shown in Eqs. (11) and (12) are obtained by linearizing nonlinear differential equations of power system around an operating point.
A Gẋg + B G ∆V G = C G x g · · · · · · · · · · · · · · · · · · · · · · · · (11) Y ∆V G = D G x g = ∆I G · · · · · · · · · · · · · · · · · · · · · · · · · (12) where x g is the vector of state variables of generators, ∆V G is the vector of deviations of generator terminal voltages.
By eliminating ∆V g from Eqs. (11) and (12),
x g = Ax g · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (13)
· · · · · · · · · · · · · · · · · (14) Eigenvalue sensitivity can be evaluated by Eq. (15).
∂A ∂α j u i · · · · · · · · · · · · · · · · · · · · · · · · · ·(15)
where S i j is the sensitivity of i th eigenvalue (λ i ) with respect to parameter α j , A is the state matrix, v T i and u i are the left and right eigenvectors associated to λ i , respectively.
This parameter optimization method employs eigenvalue sensitivity to form an objective function expressed in Eq. (16) and parameters can be evaluated under the conditions that all eigenvalues have their own real parts less than the threshold value s D (<= 0). It is constrained by limits of parameter changes and parameters as shown in Eqs. (17) and (18) and all observed eigenvalues are guaranteed to be in LHP by Eq. (19) (6) .
· · · · · · · · · · · · · (16) ∆α j ≤ d j · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (17) α j,min ≤ α j + ∆α j ≤ α j,max · · · · · · · · · · · · · · · · · · · · · (18) p j=1 ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ i∈U M Re S i j ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ ∆α j ≤ 0 · · · · · · · · · · · · · · · · · · · · · (19) where p is the number of control parameters, d j (> 0) is the bound value of step change of α j , α j,min , α j,max are the minimum and maximum values of α j , U C is the set of controlled eigenvalues, U M is the set of observed eigenvalues.
SMES Effect as Load Model
The second constraint to be considered in excitation control system design is SMES effect. As shown in Section 3.2 that SMES effect is considered as a nonlinear load with current flowing out of the generator terminal as given in Eq. (6), the variation of those currents can be obtained as shown in Eq. (20).
· · · · · · · · · · · · · · · · · · · (20)
Since P ex can be evaluated in terms of generator variables as shown in Eq. (3), the variation of excitation power can be determined by Eq. (21). ∆P ex = v f 0 ∆i f + i f 0 ∆v f · · · · · · · · · · · · · · · · · · · · · · · · ·(21)
The ∆i f and ∆v f are considered as state variables of generators (SCG). SMES effect in the form of current can be considered by combining Eq. ∆I ex = Y ex ∆V G + F G x g · · · · · · · · · · · · · · · · · · · · · · · · ·(22) From Eqs. (6) and (22), (12) is changed by the consideration of SMES effect to the form as shown in Eqs. (23) and (24).
x g · · · · · · · · · · · · · · · · · (24) Although Eq. (21) is used to represent the excitation power, it should be noted here that the change of excitation current of SCG with high response excitation in the transient state is so very high and in turn of the excitation power.
The state-matrix of power system in Eqs. (11) and (24) are evaluated to determine the eigenvalues and eigenvalue sensitivity based parameter optimization method is employed to determine optimal control parameters.
As for Q ex , it can be adjusted by self-commutated type AC-DC converter according to the external control signal value. It can be set to be zero (without control) and that term can be neglected.
Excitation voltage of SCG
The per unit system used for the excitation voltage e f is the non-reciprocal per unit system; 1.0 per unit excitation voltage is assumed to be the field voltage required to produce the rated synchronous machine armature terminal voltage (1.0 p.u.) on the air-gap line. It depends on the ratio of field circuit resistance R f and the linkage inductance L ad . Since the resistance of field winding circuit of SCG is very low, the excitation voltage in per unit for SCG becomes much lower than the conventional generator even if their actual values are the same.
Reactive Power Control (Q-Control)
As described in Section 4.4, the Q ex can be adjusted by selfcommutated type AC-DC converter according to external control signal. In order to support and improve voltage stability, here, the simple control system in the form of the 1 st order time-lag transfer function control block with bus voltage input as shown in Fig. 6 is applied to control reactive power of SMES effect. Mathematical expression of the controller is shown in Eq. (25). It can be easily coupled into the power system via Eq. (20) and system eigenvalues can be determined in the same way as described above.
· · · · · · · · · · · · ·(25) B 125 12 2005
Numerical Examples
The digital simulations are conducted in two model power systems, which are IEEJ East 10-machine and West 10machine systems, to examine the performance of the proposed excitation control systems of SCG with high response excitation. In each model system, for one pattern of replacing one conventional generator (CG) by one SCG whose parameters shown in Table 1 , five cases of different generator types, excitation modes (operation), and excitation control schemes as shown in Table 2 are considered. In cases 2∼5, excitation control systems are PSS-AVR (Q-Control is added only in case 5) whose parameters determined by eigenvalue sensitivity based parameter optimization method.
IEEJ East 10-Machine System
The model power system consisting of 10 generators and 47 buses is shown in Fig. 7 . The structure of the system is a loop network with radial line connected at node 17. Three patterns of replacement of conventional generator by SCG with high response excitation at nodes 2, 5, and 10 are taken into account. Excitation control systems for each pattern are designed and eigenvalues of power system are evaluated; only dominant Table 1 . Parameters of SCG with high response excitation Table 2 . Generator types and control schemes Fig. 7 . IEEJ East 10-machine system eigenvalues are considered and shown in Table 3 .
As shown in Table 3 , comparing with case 1, when PSS-AVRs are designed by employing eigenvalue sensitivity based parameter optimization method for generators, it can be seen that damping of system is improved well in all patterns and all cases. When CG is replaced by SCG in cases 3∼5, there are some cases that damping of one mode is improved but the other is not and there are also some cases that both cases are improved and both are not. The reason is that when SCG is introduced to the system at some locations, it may itself degrade the dynamic stability of the system and coupling SMES effect by considering the exciter as a nonlinear load to the system may affect dynamic stability. Table 3 . Dominant modes of IEEJ East 10-machine system In patterns 1 and 3, the proposed excitation control systems (cases 4 and 5) can improve dynamic stability well.
As for transient simulation, in pattern 3, 3LG fault with 100 ms duration is considered to occur at node 40. Generator 3 is considered as a reference generator of the system. Figures 8 and 9 show the rotor angle differences of generators 7 and 10, which are respectively in loop part and radial line. Figures 10, 11 and 12 show the output power, excitation power and terminal voltage of node 10 where CG is replaced by SCG (node 10).
As shown in Figs. 8 and 9 , when applying proposed excitation control system (PSS-AVR) considering SMES effect to SCG with high response excitation (case 4), amplitude of oscillation in rotor angles of generators is greatly reduced comparing with cases 1 to 3, and in case 5, where reactive power control is applied, the amplitude of oscillation is more reduced than in case 4. From Fig. 10 , after the fault is cleared, output powers and their slopes in cases 3 and 4 are very high and they get back to the steady state more quickly compared with cases 1 and 2; however, case 4 is better. This is the reason why the amplitudes of generator oscillation are lessened. Although output power in case 5 does not change and get back to steady-state so rapidly as in cases 3 and 4, reactive power control is involved in improving system stability.
It is clearly seen from Fig. 11 , that the excitation power rises up to around 0.25 [p.u.] and then back to around −0.15 [p.u.] in case 4, which reflects much power to absorb (inject) from (to) the system at SCG node, mostly from (to) SCG; it results in increase (decrease) of output power. Excitation power in case 3 goes up to the same level as case 4, but less stability improvement is obtained. This shows that SMES effect contribute to transient stability improvement. From Fig. 12 , oscillation of terminal voltage is improved well in case 5 from the effect of reactive power control. If the fault duration time is increased to 1.0s at the same location (node 40) for pattern 3, cases 1∼3 becomes unstable but the proposed control systems (cases 4 and 5) can stabilize the power system as shown in Fig. 13 . This shows the effective utilizing of SMES effect for power system stabilization.
In order to assess the performance of the excitation control system, an index as shown in Eq. (26) is introduced; it is the total curve area of variables with respect to the reference values in all generators in a system.
AREA =
g∈G T X g − X g0 dt · · · · · · · · · · · · · · · · · · · ·(26) where X g is the considered variable, X g0 is the steady state value of considered variable, G is the set of generators, and T is the period of time.
Here, the rotor angle difference of each generator is considered as the variables for assessment and T is set to be 10 sec. In addition to the previous simulation, other fault contingencies are also considered for each pattern of SCG installation, which are 3LG faults with 100 ms duration at nodes 43, 45 Table 4 . It can be said that system stability can be improved well by the proposed excitation control system (cases 4 and 5) of SCG with high response excitation; even if there are some contingencies that the control systems may not be effective.
IEEJ West 10-Machine System
The model power system consisting of 10 generators and 27 buses is shown in Fig. 14. Three patterns of replacement of one conventional generator by SCG with high response excitation at nodes 1, 4, and 7 are considered and excitation control systems are designed as in the previous section. Dominant eigenvalues are shown in Table 5 . They can be considered in the same way as in the previous IEEJ East system.
As for transient simulation, in pattern 2, 3LG fault with 100 ms duration is considered to occur at node 24. Generator 10 is considered as a reference generator of the system. Figures 15 and 16 show the rotor angle difference of generators 4 and 8 and Figs. 17, 18 and 19 respectively show the Table 4 . Total curve areas in IEEJ East 10-machine system It can be seen from the results that system stability is improved well by the proposed excitation control systems (cases 4 and 5). The mechanism of how the excitation control system gets involved in system stabilization can be described by the same way as the previous system. This shows that SMES effect influences the improvement of system stability.
However, it can be observed in case 5 that, unlike in the East system, the excitation power becomes very high in the transient state; this reflects the difference of how reactive Table 6 . Total curve areas in IEEJ West 10-machine system power control (Q-control) contributes to stability improvement in distinct system.
Other fault contingencies, which are 3LG faults with 100 ms duration at nodes 21, 15 and 18, are also considered and assessment values are shown in Table 6 . It is made clear that system stability can be improved well by the proposed excitation control systems.
Discussion
From the simulations in both test systems, it can be seen that the proposed excitation control system (cases 4 and 5) with consideration of SMES effect that are designed by employing eigenvalue sensitivity based parameter optimization method can improve both transient stability and dynamic stability of the power system (comparing to case 3). Replacement of CG (cases 1 and 2) by SCG and coupling SMES effect into the power system may make the system become less stable (dynamic stability viewpoint), but, with the eigenvalue control technique, eigenvalues are controlled to move to the more stable direction, the dynamic stability is then improved. However, there are also some cases that dynamic stability seems not to be finally improved, but with transient stabilization by SMES effect, the overall system stability is ultimately improved. It is also clearly seen that the control performance of the excitation control systems depends on the locations of SCGs and fault contingencies.
Conclusion
Excitation control system design for SCG with high response excitation is proposed by applying AVR and PSS which is designed by employing eigenvalue sensitivity. Reactive power control at SCG node is also added into excitation control system. The SMES effect is modeled and put into consideration when designing control system. The control performance is examined in IEEJ East 10-machine and West 10-machine power systems and the results show that, coupling with SMES effect, the proposed excitation control system is effective to improve both transient stability and dynamic stability. The control performance also depends on the location of SCGs and fault contingencies.
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